There is considerable interest in synthetic ionophores with high affinity and selectivity for Li ؉ . But so far, compounds that selectively bind Li ؉ in the presence of other alkali and alkaline earth metal ions are rare and current approaches toward this goal are often accompanied with substantial synthetic efforts. Here we describe a trinuclear ruthenium metallamacrocyclic complex (1) that was obtained by self-assembly of ruthenium halfsandwich complexes and 3-hydroxy-2-pyridone ligands. This complex was shown to be an extremely potent receptor for LiCl with an affinity high enough to extract LiCl from water. The selectivity of this receptor is exceptional: even in the presence of a large excess of Na ؉ , K ؉ , Cs ؉ , Ca 2؉ , and Mg 2؉ , Li ؉ was extracted exclusively. The Li ؉ ͞Na ؉ selectivity ratio was determined to be higher than 1,000:1. Compared with other synthetic ionophores, the receptor 1 offers two additional advantages: (i) the synthesis can be accomplished in one step by using simple starting materials; and (ii) the presence of lithium ions can be detected electrochemically. Complex 1 is therefore a very attractive candidate for the construction of a Li ؉ -specific chemosensor. , ionophores have been considered early on. But the design and the synthesis of molecules that display a high affinity and selectivity for Li ϩ is a challenging task (4-9). Although considerable progress has been made in this field, the synthesis of such ionophores often requires substantial synthetic efforts. This difficulty is nicely illustrated by probably the best Li ϩ receptor known so far, a spherand developed by Cram and his colleagues (10). Because of the perfect preorganization of six oxygen donor atoms, a very high affinity combined with an excellent selectivity for Li ϩ is observed. The synthesis, however, requires several steps and gives less than 7% overall yield.
L
ithium salts have found various applications in technology and medicine. Methods to selectively sequester and detect Li ϩ are therefore of importance. Li 2 CO 3 , for example, is one of the most important drugs for the treatment of manic depression (1, 2) . Because of its narrow therapeutic range, the Li ϩ concentration in the blood of the patients needs to be controlled during the treatment. Thus, a small amount Li ϩ has to be detected in the presence of other metal ions such as Na , and Mg 2ϩ (3) . To selectively sequester Li ϩ , ionophores have been considered early on. But the design and the synthesis of molecules that display a high affinity and selectivity for Li ϩ is a challenging task (4) (5) (6) (7) (8) (9) . Although considerable progress has been made in this field, the synthesis of such ionophores often requires substantial synthetic efforts. This difficulty is nicely illustrated by probably the best Li ϩ receptor known so far, a spherand developed by Cram and his colleagues (10) . Because of the perfect preorganization of six oxygen donor atoms, a very high affinity combined with an excellent selectivity for Li ϩ is observed. The synthesis, however, requires several steps and gives less than 7% overall yield.
Here we describe a redox-responsive metallamacrocycle (1; see Scheme 1) that was obtained by self-assembly (for selfassembled metallacrowns see ref . 11) . With this receptor we were able to selectively extract LiCl from an aqueous solution containing an excess of NaCl, KCl, CsCl, CaCl 2 , and MgCl 2 . The presence of LiCl can subsequently be detected by electrochemical means.
Materials and Methods
General. The synthesis of all complexes was performed under an atmosphere of dry dinitrogen, by using standard Schlenk techniques. The 1 H, 13 C, and 7 Li spectra were recorded on a JEOL EX 400 or a GSX 270 spectrometer using the residual protonated solvents as internal standards ( concentrations were determined by inductively coupled plasma atomic emission spectroscopy with a Varian Vista inductively coupled plasma atomic emission spectrometer. Potentials were measured against a Ag͞AgCl reference electrode by using a glassy carbon working electrode at a scan rate of 4,015 mV/s. The receptor 1 or its LiCl adduct was dissolved in dry CH 3 CN͞CH 2 Cl 2 (1:1) (5 mM) containing tetra-n-butylammonium perchlorate as the supporting electrolyte (0.1 M) under a dinitrogen atmosphere. The molecular weights were determined with a JEOL MStation JMS 700 mass spectrometer in the fast atom bombardment (FAB) mode by using m-nitrobenzyl alcohol (NBA) as the matrix. 
The structure was solved with direct methods (SIR97) (12) and was refined by full-matrix least-square methods on F 2 (SHELXL97) (13) with P ϭ (F o 2 ϩ 2F c 2 )͞3. The structure was solved with direct methods (SIR97) (12) and was refined by full-matrix least-square methods on F 2 (SHELXL97) (13) . A riding model was used for the hydrogen atoms. Restraints were used for the H atoms of the water molecule. Analysis of 1⅐NaCl⅐H 2 O⅐2C 6 H 6 : Nonius Kappa chargecoupled device, Mo K␣ radiation, ϭ 0.71073 Å, crystal size 0.28 ϫ 0.14 ϫ 0.04 mm. The crystal was embedded in oil and mounted with Lithelen, T ϭ 200(2) K, orange platelet, triclinic, space group P Ϫ 1, a ϭ 10.7683(1), b ϭ 15.6801 (2) with P ϭ (F o 2 ϩ 2F c 2 )͞3. The structure was solved with direct methods (SIR97) (12) and was refined by full-matrix least-square methods on F 2 (SHELXL97) (13) . A riding model was used for the hydrogen atoms. Restraints were used for the H atoms of the water molecule and for the benzene molecules. Two ester groups and the benzene molecules are twofold disordered.
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited in the Cambridge Structural Database, Cambridge Crystallographic Data Centre [CDS reference nos. CCDC-167800 (1), CCDC-167801 (1⅐LiCl), and CCDC-167802 (1⅐NaCl). Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, United Kingdom (E-mail: deposit@ccdc.cam.ac.uk).
Results and Discussion
In elaboration of a synthetic scheme which we have reported recently (14, 15) , the trinuclear metallamacrocycle 1 was obtained by reaction of commercially available 3-hydroxy-2-pyridone with [(C 6 H 5 CO 2 Et)RuCl 2 ] 2 in the presence of base (Scheme 1). The chloro-bridged ruthenium complex used in this reaction is a common starting material in organometallic chemistry and can easily be obtained from The ethyl ester side chains on the arene ligands were introduced for two reasons. First, the electron-withdrawing character of these groups should increase the stability of the complex toward oxidation. And indeed, a solution of 1 can be exposed to air for several hours without decomposition, whereas an orange solution of the analogous benzene complex [(C 6 H 6 )Ru(C 5 H 3 NO 2 )] 3 (15) rapidly turns brown. This qualitative result was confirmed by cyclic voltammetry (see below). Second, the oxygen atoms are potentially suited to participate in cation binding and can therefore facilitate complexation reactions.
To test whether complex 1 is able to bind Li ϩ , we have investigated the reaction of 1 with an excess of LiCl in ethanol. After removal of the solvent and extraction with chloroform, the adduct 1⅐LiCl was obtained. The presence of the guest molecule results in pronounced differences in the 1 H NMR spectrum of the macrocycle: the signals of the pyridonate protons as well as of the arene protons are shifted toward lower field (up to 0.66 ppm). Because the exchange of LiCl is slow compared with the NMR time scale (CDCl 3 or CD 3 OD), NMR spectroscopy is an ideal method to quantify binding of LiCl under different conditions.
The expected coordination of Li ϩ to the three adjacent O atoms of the macrocyclic receptor was confirmed by a singlecrystal x-ray analysis of 1⅐LiCl (Fig. 2) . The lithium ion has a tetrahedral coordination geometry with a terminal chloride anion occupying the fourth site [Li-O range ϭ 1.917(10) to 1.948(11) Å, LiOCl ϭ 2.372(9) Å]. The chloride anion is closely encapsulated by the arene ligands resulting in three short CH⅐⅐⅐Cl distances (2.70, 2.73, and 2.83 Å). The ester groups point away from the center and do not participate directly in cation binding. Na ϩ is likewise able to coordinate to the three adjacent O atoms of 1. Thus, we were able to synthesize 1⅐NaCl, which displays a structure in the crystal very similar to that of 1 ϫ LiCl [Na-O range ϭ 2.210 (4) It is interesting to compare our receptor with the metallamacrocyclic ionophores that we have reported recently (15 (3) , on the other hand, neither metal ion is extracted to a significant extent. Although this receptor was shown to be selective for Li ϩ (15), its affinity is too small to extract LiCl.
Because NaCl is entrapped by receptor 1 under favorable conditions, we were interested whether selective LiCl extraction is also possible in the presence of very large amounts of NaCl. Therefore, we have performed a competition experiment similar to those described above by using a nearly saturated NaCl solution (5 M) that contained only 1% LiCl (50 mM). Again, the dominant formation of 1 ϫ LiCl (Ͼ90%) was observed by 1 H NMR revealing a Li ϩ ͞Na ϩ selectivity of at least 1,000:1. The reduced stability of 1⅐NaCl as compared with 1⅐LiCl may partially be attributed to the fact that Na ϩ prefers higher coordination numbers (for a metallacrown complex with a tetrahedral sodium ion see ref. 24) . But steric and͞or electronic effects of the ester groups are clearly of central importance considering the pronounced difference in selectivity of 1 and 2 of more than three orders of magnitude. The very low affinity of the receptor 1 for K ϩ and Cs ϩ is most likely caused by the three arene ligands, which effectively block these larger ions from entering the binding pocket (Fig. 2) .
We have also studied the redox behavior of the macrocyclic receptor 1 and of the complex 1⅐LiCl by using cyclic voltammetry. For 1, three irreversible oxidations are observed at 683, 963, and 1,150 mV (against Ag͞AgCl). These values are higher than those found for the [(arene)Ru(C 5 H 3 NO 2 )] 3 complexes previously described (15) , indicating an increased stability of 1 toward oxidation. In the presence of LiCl, the first peak potential is shifted by more than 350 mV toward anodic potential. Thus, 1 can be used to detect Li ϩ electrochemically (25) .
Conclusions
The metallomacrocyclic complex 1 represents a very potent receptor for Li ϩ , allowing the quantitative extraction of LiCl from water. Furthermore, the receptor shows an outstanding selectivity that is comparable to that of the best Li ϩ ionophores described so far. Control experiments with structurally related complexes have shown that the selectivity is modulated to a surprising extent by subtle steric and electronic modifications. Applications in Li ϩ sensing can be envisioned, especially because the synthesis of 1 can be accomplished in a simple self-assembly process and because the binding of the alkali metal ion can be detected electrochemically. The results highlight the potential of supramolecular coordination chemistry to build functional devices such as highly selective chemosensors.
